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Many dense magnetic nanoparticle systems exhibit slow dynamics which is qualitatively indistin- 
guishable from that observed in atomic spin glasses and its origin is attributed to dipole interactions 
among particle moments (or superspins). However, even in dilute nanoparticle systems where the 
dipole interactions are vanishingly small, slow dynamics is observed and is attributed solely to 
a broad distribution of relaxation times which in turn comes from that of the anisotropy energy 
barriers. To clarify characteristic differences between the two types of slow dynamics, we study 
a simple model of a non-interacting nanoparticle system (a superparamagnet) analytically as well 
as ferritin (a superparamagnet) and a dense Fe-N nanoparticle system (a superspin glass) exper- 
imentally. It is found that superparamagnets in fact show aging (a waiting time dependence) of 
the thermoremanent-magnetization as well as various memory effects. We also find some dynamical 
phenomena peculiar only to superspin glasses such as the flatness of the field-cooled magnetization 
below the critical temperature and memory effects in the zero-field-cooled magnetization. These 
dynamical phenomena are qualitatively reproduced by the random energy model, and are well in- 
terpreted by the so-called droplet theory in the field of the spin-glass study. 
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I. INTRODUCTION 

One of the most attractive topics in the field of con- 
densed matter physics is slow dynamics such as non- 
exponential relaxation, aging (a waiting time dependence 
of observables)fi*^ and memory effects. These phenom- 
ena are observed in various systems like polymers ji*^ 
high-Tc super-conductors f^ granular materials- and spin 
glasses. Especially, in the field of spin glasses, slow dy- 
namics has been studied widely both experimentalljiSiLSiS 
and theoreticalljiiSiiiiiSiiiiiii^ to examine the validity of 
novel concepts of spin glasses such as a hierarchical or- 
ganization of statesiSiii and temperature chaos >i2ii2i2£ 
These extensive studies have revealed various interest- 
ing behavior in dynamics like coexistence of memory and 
rejuvenationiSiS Such findings have stimulated many re- 
searchers to study slow dynamics in various systems like 
geometrically frustrated magnetsj2i42S transition-metal 
oxides,^- orientational glasseS)2^i2^ supercooled liquids^^ 
and dense magnetic nanoparticle gygtemsSLSSiS^iSSiSiiSS 
by using experimental protocols developed in the study 
of spin glasses. Magnetic nanoparticle systems, which 
we study in this paper, are of current interest because of 
their significance for technological applications as well as 
for their fundamental magnetic properties i^ 

In magnetic nanoparticle systems, there are two pos- 
sible origins of slow dynamics. The first one is a broad 
distribution of relaxation times originating solely from 
that of the anisotropy energy barriers of each nanoparti- 
cle moment. This is the only source of slow dynamics for 
sparse (weakly interacting) magnetic nanoparticle sys- 
tems, in which the nanoparticles are fixed in space. We 
hereafter call magnetic moments of each nanoparticle su- 
perspins, and such weakly interacting magnetic nanopar- 



ticle systems superparamagnets. However, for dense mag- 
netic nanoparticle systems, there is a second possible ori- 
gin of slow dynamics, namely, cooperative spin glass dy- 
namics due to frustration caused by strong dipolar in- 
teractions among the particles and randomness in the 
particle positions and anisotropy axes orientations.— In 
fact, evidences for a spin glass transition such as the crit- 
ical divergence of the nonlinear susceptibility have been 
found in dense magnetic nanoparticle systemsi^^*^Si2i We 
hereafter call such dense magnetic nanoparticle systems, 
which exhibit spin glass behavior, superspin glasses. 

Now the point is that magnetic nanoparticle systems 
involve two possible mechanisms for slow dynamics, and 
which of the two is relevant depends essentially on the 
concentration of nanoparticles. Then, in order to under- 
stand appropriately slow dynamics in magnetic nanopar- 
ticle systems, it is desirable to clarify which observed 
phenomena are simply due to slow dynamics caused by 
a broad distribution of relaxation times, and which ones 
are brought by cooperative dynamics peculiar to super- 
spin glasses. For this purpose, we first study a simple 
model of non-interacting magnetic nanoparticle systems 
(superparamagnets) analytically. As a consequence, we 
find that even superparamagnets exhibit aging of the 
thermoremanent-magnetization and various memory ef- 
fects. In particular, we show that the curious mem- 
ory effects recently reported by Sun et al. ^^ which were 
claimed to give evidences of the existence of a superspin 
glass phase, can be understood siinply a s superparamag- 
netic relaxation (see also Refs. l39l40l4lL ) 

We also perform experiments on a ferritin (a 
superparamagnet'*^''*'^.) and a dense Fe-N nanoparticle 
systems (a superspin glassSSi^Siiii^) . The results of fer- 
ritin are qualitatively similar to those of our simple model 



of superparamagnets. The comparison of the phenom- 
ena observed in the superparamagnet and the superspin 
glass reveals some properties peculiar only to superspin 
glasses, e.g., the flatness of the field-cooled magnetiza- 
tion below the critical temperature and memory effects 
in the zcro-ficld-cooled magnetization. Particularly, the 
former phenomenon reminds us of Parisi's equilibrium 
susceptibility in the spin-glass mean-field theory."*^ How- 
ever, we propose an interpretation based on the spin- 
glass droplet theorySMi which predicts the instability of 
the spin-glass phase under a static magnetic field of any 
strengths and so claims the observed field-cooled magne- 
tization to be a property far from equilibrium JI. We also 
show that these experimental results peculiar to super- 
spin glasses are qualitatively reproduced by the random 
energy modeLi2i^2i^ 

The outline of the present manuscript is as follows. In 
sectionniwe introduce a model of superparamagnets and 
report aging and memory effects observed in this model. 
The results of experiments on ferritin are also shown in 
this section. In section UTTl we show experimental results 
on a dense Fe-N nanoparticle system. Some properties 
found only in the superspin glass are interpreted by the 
random energy model and the droplet theory. Section llVl 
is devoted for summary. 



II. SLOW DYNAMICS IN 
SUPERPARAMAGNETS 

A. Model and master equation approach 

Here we adopt a simple model which is considered to 
describe the essential slow dynamics in non-interacting 
magnetic nanoparticle systems (superparamagnets) . The 
magnetic moment (superspin) of one nanoparticle, which 
does not interact with any other superspins, is supposed 
to occupy one of two states with energies —KV±hMsV, 
where K is the bulk anisotropy constant, V the vol- 
ume of the nanoparticle, h an applied field in linear 
response regime, and Ms the saturation magnetization. 
Here we supposed that the direction of the field is par- 
allel to the anisotropy axes for simplicity. The super- 
paramagnetic relaxation time in zero field for the ther- 
mal activation over the energy barrier KV is given by 
T = tq exp{KV/T), where tq is a microscopic time. 

The occupation probability of one of the two states, 
in which the superspin is in parallel (antiparallel) to the 
field direction, is denoted by pi{t) (1 — Pi{t)), and is 
solved by the following master equationSS 

j^Plit) ^ ~Wi^2it)pi{t) +W2^lit){l ~ pi{t)}, (1) 

where Wi^2it) {W2^i{t)) is the transition rate from the 
state 1 to 2 (2 to 1) at time t. To the leading order in 
h(t) they are written as 

Wi^2{t) = ^T,;'eM-KV/T{t)]{l - MsVh{t)/T{t)},{2) 



VF2^i(i) = -T^^exp[-KV/T{t)]{l + MsVh{t)/T{t)}{?,) 

The above master equation can be solved analytically for 
any temperatures and field protocols represented by T{t) 
and h[t) from a given initial condition, and the magneti- 
zation of the particle with volume V is given by 



M{t-V) = [2pi{t-V)-l\NUV. 



(4) 



For example, in the case that h{t) = h and T{t) — T, we 
obtain 



M{t;V) = M(t = 0;F)exp(-t/T) 
, {MsVfh , 



T 



:{l-exp(-t/T)}, 



(5) 



where r = tq exp(iirT^/T). Note that the additional con- 
dition h = Q leads us to the familiar formulation for the 
decay of the thermoremanent-magnetization. 

From Eqs.(l-4), we notice that pi(t) = 1/2 {M{t) = 0) 
at any t if pi(0) — 1/2 and h{t) ~ 0. This means that 
in any genuine zero-field-cooled (ZFC) processes start- 
ing from M = 0, pi{t) is independent of the schedule of 
temperature change T{t), i.e., no memory is imprinted 
in the process. Experimentally, a demagnetized initial 
state is obtained by choosing the starting temperature 
sufficiently high. 

The total magnetization of the nanoparticle system is 
evaluated by averaging over the volume distribution, 

Mit) = I dVP{V)M{t; V)= I dVMspocit; V). (6) 

Here, the integrand (the Af-spectrum) denoted as 
Mspccit', V) plays an important role in the arguments be- 
low. For the explicit evaluation of M{t), we use a log- 
normal distribution 



(7) 



P{V) = exp[- HVy/{2Y)]/ilVV2n), 



with 7 = 0.6. Although quantitative and some minute 
qualitative results may depend on the value of 7, the 
functional form of P{V), and even our basic assumption 
of the two-states representation, we do not go into such 
details here, expecting that our simplest model catches 
up the essence of slow dynamics of superparamagnets. 

In the present work the average anisotropic energy KV 
is chosen as the unit of energy as well as that of temper- 
ature by setting fee = 1- T^ is measured in unit of the 
average volume y, which for the log-normal distribution 
[Eq.Q] is given by exp(7'^/2). As for the time-scale, we 
suppose that the microscopic time tq for superspins of re- 
alistic nanoparticles is around 10~^ s, and that a typical 
experimental time window is around 10^ s. We there- 
fore investigate our model in the time window around 
10"'^^ To expecting that it corresponds to typical experi- 
mental time scales. 
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FIG. 1: (Color online) ZFCM/FCM with the cooling rate r = 
2.4 • 10 TO per temperature unit (circles/squares) and those 
with slower cooling rate r = 2.4-10'^® tq (diamonds/triangles). 
The line is the susceptibility in equilibrium (the Curie law). 
The inset shows the M-spectra of the ZFCM, FCM and the 
magnetization in equilibrium at T = 0.042 (from left to right). 
The cooling rate for ZFCM/FCM is 2.4 • 10^^ tq. 



B. ZFC and FC magnetizations 

Let us begin our arguments from the most fundamental 
and well-known protocols, i.e., the measuring processes 
of the zero-field-cooled magnetization (ZFCM) and the 
field-cooled magnetization (FCM). In the ZFC process, 
the system is rapidly cooled to a low temperature in zero 
field, and then the induced magnetization by an applied 
field h is measured as the temperature is gradually in- 
creased. In the FC process, on the other hand, the sys- 
tem is gradually cooled under h from a sufficiently high 
temperature so that the system is in equilibrium at the 
highest temperature. The circles/squares in Fig. ^ rep- 
resent the ZFCM/FCM observed with heating/cooling 
rate, r, of 2.4x10^^ tq per temperature unit.'^^ As usu- 
ally adopted, the peak position of the ZFCM is regarded 
as the blocking temperature, Tb, which is ~ 0.088 for 
the present process. If the rate r is lO'' times slower, we 
obtain Tb ~ 0.063 (diamonds for the ZFCM and trian- 
gles for the FCM). If we make r infinitely slow, both the 
ZFCM and the FCM curves coincide with the one given 
by the Curie law. 

In the inset of Fig. Q] we show the Af -spectra (the in- 
tegrand of Eq.®) of the ZFCM, FCM and the magne- 
tization in equilibrium at T = 0.042 (from left to right). 
One can clearly see that the parts of the three Af -spectra 
for V smaller than a certain value, which we denote as 
Vb, lie on top of each other. This means that superspins 
of these small nanoparticles are equilibrated within the 
characteristic time-scale of the cooling/heating process. 
On the other hand, the Af-spectrum of the ZFCM at 
V >Vb ^s zero, indicating that superspins of these larger 
nanoparticles are still blocked to their initial values. We 
call Vb the blocking volume which depends strongly (lin- 



early) on T and weakly (logarithmically) on the observa- 
tion time-scale. Also we call superspins of nanoparticles 
with V^ < Vb, V ~ Vb, and V > Vb superparamagnetic, 
dynamically active, and blocked or frozen, respectively. 

By passing we emphasize another characteristic feature 
of the FCM in superparamagnets. Namely, the FCM 
always increases as the temperature is decreased. This is 
simply because superspins are blocked (or frozen) in the 
direction of the field. 



C. Aging and memory effects 

Let us now consider the thermoremanent- 
magnetization (TRM) protocol, where we cool the 
system in a field ft, at a certain rate, stop the cooling at 
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FIG. 2: (Color onhne) (a) A/spoc(iw;V) of the FC pro- 
cess. The system is cooled to Tm (= 0.033) at the rate of 
2.4 • 10^^ To per temperature unit, and is kept at Tm for t^. 
The field is applied in the whole process, (b) Susceptibility 
XTRM(i,^w) measured in the TRM protocol (inset) and its 
logarithmic time derivative S{t) = — dlogXTRM(i,iw)/dlogi 
(main frame) vs t, where t is the elapsed time after the field 
is cut. The cooling rate and Tm are the same as in a). In 
the inset, the corresponding waiting time increases from left 
to right. 



a measurement temperature, Tm, let the system relax 
for a waiting time of t^, and then cut the field and 
observe the magnetization decay. During the FC aging 
before cutting the field, the parts of the M-spectrum 
for the frozen and superparamagnetic superspins, do not 
change significantly, while that of the dynamically active 
superspins does change as seen in Fig.[2Ia). The peak of 
the M-spectrum shifts to larger volumes with increasing 
tyj- The peak position appears around V* where the 
corresponding relaxation time TQeyi'p[KV* /T-^) is com- 
parable with tyj. This naturally means that the TRM 
decreases most rapidly when the time t elapsed after the 
field is cut is nearly equal to t^. Indeed, Fig.|2Ib) shows 
that the relaxation rate S{t) = —h^^dXogM / dlogt in 
the TRM protocol has a peak around iw Thus we 
conclude that aging (a tw-dependence) of the TRM does 
exist even in superparamagnets. 

As mentioned in subsection III Al however, the ZFCM 
curve is independent of ty:,. One may consider that this 
t„-independence of the ZFCM is a consequence of the 
simple two-states description of our model. Actually, 
by considering several competing sources of anisotropy 
(for instance magnetocrystalline and magnetostatic en- 
ergy), we can think of a multi-states system with some 
energy levels different from each other. Then, the ZFCM 
of the model should depend weakly on ty, even if in- 
teractions among particles are absent. In fact, we will 
show in section llTTl that the random energy model, which 
has a huge number of states whose energies are differ- 
ent from each other, exhibits strong aging in genuine 



ZFC protocols. However, we consider that a significantly 
small iw-dependence of the ZFCM as compared to that 
of the TRM is one of the characteristic properties of su- 
perparamagnets since in ordinary spin glasses, a strong 
tw-dependence is observed not only in the TRM but also 
in the ZFCM. Therefore, indubitable experimental evi- 
dence for spin-glass dynamics in a system can only be 
found by investigating aging effects in the ZFCM. 

From the sum rule for the ZFCM, TRM and FCM, we 
find 



M' 



TRM 



(i, iw) = MFc(i + iw) - MzFc(i), 



(8) 



where we have used the fact that the ZFCM does not 
depend on iw in our model. This equation tells us that 
the tw-dependence of the TRM in our model is merely 
a consequence of slow relaxation of the FCM. This is in 
contrast to ordinary spin glasses where the TRM and the 
ZFCM strongly depend on t„ even if M-pcit') for t' > t„ 
hardly relaxes i^ 

Another important point is that the peak position of 
the M-spectrum in Fig.j^fa) (and the relaxation rate S{t) 
in Fig. [2Ib)) ceases to shift if i^ > tq exp(i4rVpcak/T'm), 
where Vpcak is the peak position of the M-spectrum in 
equilibrium (its explicit value is around 1.2 in the present 
case). On the other hand, aging in spin glasses is believed 
to persist eternally in the thermodynamic limit since the 
relaxation time diverges below the critical temperature. 

After the field is cut in the above-mentioned TRM pro- 
tocol with tw — 0, we may further introduce some cycling 
processesj^Si^ as shown in Fig. O Now let us first con- 
sider a negative-temperature cycling in zero field. The 
temperature is changed as Tm = 0.033 -^ T'2 — 0.025 -^ 
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FIG. 3: (Color online) xtrm vs time using the same protocols 
as in Figs. 3,4,5 of Sun et ali— . The system is cooled to 
T = 0.033 at the rate of 2.4 • 10^^ tq per temperature unit 
in a field which is cut just before recording xtrm. After 
a time of ii = 3 x 10^^ tq the temperature is changed. The 
relaxation at the new temperature is recorded either in H = 
or H = h in period of t2 = 3 x 10^^ tq. Then the temperature 
is shifted back to T = 0.033 and the field is set to zero. In the 
inset, ii and is parts of Xtrm with the negative temperature 
cycling are plotted as a function of the total time elapsed at 
T = 0.033. 
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FIG. 4: (Color online) FC susceptibility vs temperature ob- 
served in the same protocol as in Fig. 2 of Sun et alp—. The 
field is cut during the intermittent stops of the cooling at 
Ti = 0.088 and at T2 = 0.042 for a period of lO" tq. The 
magnetization in zero field after the waiting time is shown 
although it was not shown by Sun et al. The arrows in the 
figure indicate at which stages during the procedure we mea- 
sure and show the M-spectra in Fig. |^ The cooling (and 
reheating) rate is the same as that in Fig. |21 




FIG. 5: (Color online) M-spectra at six representative states which are indicated in Fig. 2] by arrows. The point in each inset 
also shows the time of the measurement. 



Tm. Since the blocking volume Vb at T2 is smaller than 
that at Tm, the superspins which were dynamically active 
at Tm are frozen in the second stage at T2, while the dy- 
namically active superspins at T2 do not change because 
they were already equilibrated (depolarized) by the first- 
stage aging at T^. Hence A/trm does not change at all 
in the second stage (squares in Fig.|21). The shape of the 
M-spectrum in this stage is essentially the same as that 
shown in Fig.|3fb), below. After the system comes back 
to Tm the relaxation of Mtrm resumes from the value at 
the end of the first-stage. If the field is applied in the 
second stage of the above protocol, the superparamag- 
netic and dynamically active superspins at T2 respond to 
it. The M-spectrum at the end of this stage is essen- 
tially the same as that in Fig. (Sjc). The induced mag- 
netization in the second stage almost immediately disap- 
pears in the last stage at Tm since the superspins which 
carried the excess magnetization are rapidly equilibrated 
(depolarized) at the higher temperature. In the positive- 
temperature cycling with T2 = 0.042 under h — 0, super- 
spins which are blocked at Tm but not at T2 (i.e. super- 
spins of nanoparticles whose volume is larger than Vb at 
Tm but smaller than Vb at T2) are rapidly depolarized 
in the second stage. They are frozen as depolarized after 
changing the temperature back to Tm, and thus Mtrm 
remains constant at a much smaller value. The significant 
relaxation is expected to resume at a time scale when the 
isothermal A/trm at Tm reaches this small value. These 
features have been in fact observed by Sun et alu^ in a 
permalloy nanoparticle system. 

Lastly let us discuss the peculiar memory effect in 
Fig. 2 of Sun et ali^. They introduce intermittent stops, 
at Ti, in the FC process and at the same time they cut 



off the field, let the system relax by a certain period t^, 
and then resume the FC process. When the system is 
reheated after reaching a certain low temperature, the 
magnetization curve clearly manifests that the system 
keeps memories imprinted by the preceding FC process. 
We have applied the same protocol to our simple model 
of superparamagnets, and have reproduced qualitatively 
identical results to theirs as shown in Fig. 0] 



It is clarified in Fig.|Slthat this peculiar memory effect 
originates from the blocking of superspins by demonstrat- 
ing the M-spectra of some representative instants of the 
process. After the first stop at T = Ti under /i = 0, the 
Af -spectrum of Fig.[Sfb) tells us that the blocking volume 
Vbi is around 3.0, namely, the superspins of nanoparti- 
cles with V < Vbi are completely equilibrated (depolar- 
ized), while the frozen superspins of nanoparticles with 
V > Vei are still blocked at T = Ti after the waiting 
time. As the FC process is resumed, the memory of the 
first stop at T = Ti is imprinted as a dip at V ~ T^i 
in the M-spectrum [Fig.|S{c)], since that part of the M- 
spectrum is well blocked during the aging at significantly 
lower temperatures than Ti. Similarly, by the second 
stop at T — T2 and recooling afterwards, another dip 
at Vb2 — 1.3 is imprinted in the M-spectrum as seen 
in Fig. Od). In the reheating process. Fig. [SJe) and (f) 
illustrate that the frozen part of the M-spectrum melts 
starting from small V . The consequence is nothing but 
the memory effect reported by Sun et al. 



D. Experiments on a superparamagnet 

In order to clarify how far our simple model cap- 
tures the essence of real superparamagnets, we per- 
form experiments on a model superparamagnet, namely 
natural horse-spleen ferritin. ^^■'*^ It is an iron-storage 
protein, and has a spherical cage 8 nm in diame- 
ter containing polydispersive cores of antiferromagnetic 
ferrihydritei^^i^ Each core has a small magnetic moment 
of ~ 300 /iB due to its uncompensated spins i^^i^? FigureEl 
shows the result of the memory experiment with the same 
protocol as that in Fig. 21 It is clear from the figure that 
this superparamagnet also exhibits the same memory ef- 
fect as that observed by Sun et al. In fact, this memory 
behavior is also observed in other superparamagneta^S*^. 
The FCM without stops is shown in the inset of Fig. 
We see that the FCM increases monotonically with de- 
creasing temperature. As we discussed in the last para- 
graph of subsection IIIBI this is a typical feature of su- 
perparamagnets. 

Figure shows relaxation of the TRM susceptibility 
with the same protocol as that in Fig. I^JB). We clearly 
see that the TRM exhibits a similar tw dependence to 
that in our simple model of superparamagnets. We have 
also checked a tendency that the peak of the relaxation 
rate S{t) = —h~^d\ogM/d\ogt shifts to larger times 
with increasing t^, although the data are a bit too noisy 
to clarify whether the peak is located around i^ or not. 

We have also done memory experiment in the genuine 
ZFC protocol. ^"^ In this experiment, we measure xzfc 
which includes intermittent stops in the ZFC process and 
XzFC without such stops. The stopping temperatures are 
9 K and 7 K, and the period of intermittence is lO'' s at 
each temperature. Note that the stopping temperatures 



are well below the blocking temperature Tb « 13 K (see 
the inset of Fig. |SJ). The cooling (and reheating) rate is 
the same as that in Fig. The result of the experiment 
is that there is no significant difference between xzfc and 
XzFC ^t ^^y temperatures (not shown), i.e., no memory 
is imprinted by the aging under zero field. This is also 
the expected result for superparamagnets. 



III. SLOW DYNAMICS IN SUPERSPIN 
GLASSES 

Various memory experiments are performed on a dense 
Fe-N ferromagnetic nanoparticlc system which has been 
shown to be a superspin glass iS2i2S44ii^ Figure |H1 shows 
the result of the memory experiment following the pro- 
tocol as that in Fig. ^ At the intermittent stops of the 
FC process, while the field is set to zero, the value of the 
magnetization decreases. On the subsequent reheating, 
the magnetization value in the preceding cooling process 
is recovered, for each stop, at a temperature a bit above 
that of the stop. At a glance, the memory effect in this 
superspin glass is qualitatively the same as that in su- 
perparamagnets indicating a similar origin of the effect. 
Another interesting observation in Fig.|Hlis that the FCM 
of the Fe-N system after resuming the cooling behaves 
almost in parallel to the FCM without the intermittent 
stops (reference curve) though its absolute magnitude is 
significantly smaller than the latter. This feature is also 
seen for the superparamagnets as shown in Figs.^andEl 
and so it suggests that the mechanism behind the mem- 
ory effect is also common. 

Now let us go into further comparisons between the re- 
sults so far obtained for the superparamagnets and those 
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FIG. 6: (Color online) FC susceptibility of the ferritin with 
the same protocol as that in Fig.|l| The field is cut during the 
intermittent stops of the cooling at T = 9 K and at T = 7 K 
for 10"* s at each temperature. The cooling (and reheating) 
rate is 1.7 x 10"^ K/s. The inset shows the ZFC and the FC 
susceptibilities vs temperature. 
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FIG. 7: (Color online) Relaxation of the TRM susceptibility 
of the ferritin. After the system is cooled to T = 7.0 K under 
a 200 Oe field at a rate of 0.17 K/s, it is kept at the temper- 
ature under the field for tw, and then the field is cut and the 
magnetization decay is measured as a function of the elapsed 
time t after the field is cut. The waiting time tw is 8 x 10^, 
8 X 10^ and 8 x 10* (from left to right). 
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FIG. 8: (Color online) FC susceptibility of the Fe-N system 
with the same protocol as that in Fig. |4| The critical temper- 
ature of the sample is around 60 KfSSi The field is cut during 
the intermittent stops of the cooling at T = 40 K and at 
T = 30 K for 3000 s at each temperature. The cooling (and 
reheating) rate is 0.01 K/s. The inset shows the ZFC and the 
FC susceptibilities vs temperature. 



for the superspin glass. One significant difference be- 
tween the two is seen in the behavior of the reference 
FCM without the intermittent stops. The FCM of the 
Fe-N system does not increase but even decreases as the 
temperature is decreased. According to the argument in 
the last paragraph of subsection IIIBI this implies that 
the Fe-N system is in fact not a superparamagnet also in 
this respect. Actually the nearly constant FCM is con- 
sidered to be a typical property of ordinary spin glasses. 
A further important phenomenon which is peculiar to su- 
perspin glasses is memory effect in the genuine ZFC pro- 
tocol. Figure shows an experimental result of the Fe-N 
system where the difference between the ZFCM's with 
and without an intermittent stop at Tg in the cooling 
process is presented. The difference is clearly observed 
as a dip at T ~Ts. 

Now let us discuss possible theoretical interpretations 
of these experimental results. The first theoretical model 
we consider is the random energy model (REM)ii24^2iSi 
The REM consists of a huge number of states. The bar- 
rier energy E^, which the system needs to overcome in 
order to go to a new state, is assigned to each state ran- 
domly and independently according to the exponential 
distribution p{E^) = l/rcexp[— i^e/Tc]. Since the av- 
erage relaxation time (r) — /^ AE'qp{E'b,)tq exp(ii'B/T) 
diverges below T^, the REM shows various memory and 
aging behavior in the low temperature phasei^Si^i*^ Let 
us now see to what extent the experimental results shown 
in this section are reproducible by the REM. First, 
Fig. ^1 shows the result with the same protocol as that 
in Fig. ^ The result is qualitatively rather similar to 
that of the Fe-N system shown in Fig.|Hl In particular, it 
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FIG. 9: (Color online) Difference of the ZFC susceptibility 
of the the Fe-N system. The ZFC process is intermitted at 
T = 40 K for 9000 s in the measurement of xzfc, while Xzfc 
is measured without such a stop. The cooling rate is 0.1 K/s, 
and the reheating rate is 0.01 K/s. 



should be emphasized that the flatness of the FCM be- 
low the critical temperature, which can not be captured 
by our simple model of superparamagnets, is reproduced 
in the REM. Second, Fig. 1111 shows the result of simula- 
tion which corresponds to the ZFC memory experiment 
in Fig. 1^1 Again, the result is qualitatively very similar to 
that in the experiment. A crucial property of the REM to 
understand this result is that the system goes into deeper 
and deeper states with higher and higher energy barriers 
as time progresses. ^'^•^^ Therefore, the typical energy bar- 
rier of the state in which the system is blocked depends 
on how long the system has been aged at a low temper- 
ature. Since it is more difficult for the system blocked 
in a state with a higher energy barrier to respond to the 
field, the difference of the typical energy barrier of the 
state in which the system is blocked with and without 
intermittent stop on coofing causes the dip in Fig. ^2 

We have seen that the experimental results are well re- 
produced by the REM. However, the link between each 
state in the REM and an actual spin configuration in the 
system is not so clear. On the other hand, the droplet 
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the (nonequilibrium) dynamics of real spin glasses. For 
example, after a spin glass is rapidly quenched in a field h 
to a temperature T below Tc, spin-glass domains, or clus- 
ters, which are in local equilibrium with respect to (T, h) 
are considered to grow. At a certain instance t after the 
quench, clusters with various volumes T4iustcr or linear 
sizes L (~ Cluster) 6xist. We may think of their distri- 
bution P(i; Kiuster), analogously to P{V) in the previous 
section. Furthermore, in the droplet theory, each cluster 
of a size L is considered to fiip by a thermal activation 
process whose mean energy barrier B^ is a function of L 
{Bl ~ L"^ in the original droplet theorjiSS). The ther- 
mally activated process governs the response of clusters 
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FIG. 10: (Color online) FC susceptibility of the REM with 
the same protocol as that in Fig. 0] The field is cut dur- 
ing the intermittent stops of the cooling at T = 0.8 Tc for 
5 X 10'' TO and at T = 0.3 Tc for 5 x 10^ to, where to is a 
microscopic time of the model. The cooling (and reheating) 
rate is 2 x 10"^ Tc/tq. The inset shows the ZFC and the FC 
susceptibilities vs temperature. 



to an applied field. This situation is rather similar to 
the two-state description of the superparamagnet, and 
we may expect that the magnetization of the spin glass 
is also described by Eq. ^ , though the functional form of 
M{t; V) has to be properly modified and P{V) has to be 
replaced by a time-dependent distribution P(i; Vi^iustcr)- 
We also note that the above argument on an atomic spin 
glass can be directly applied to a superspin glass if an 
atomic spin in the former is replaced by a superspin in 
the latter. 

An interesting prediction of the droplet theory is the 
instability of the equilibrium spin-glass phase under a 
static magnetic field h of any strength. This is one of 
the fundamental issues which has been debated since the 
early stage of the spin-glass study and has not been set- 
tled yet. Quite recently, in numerical analysis of the field- 
shift aging protocol, one of the present authors (HT) and 
Hukushima'*^ have found results which strongly support 
the prediction of the droplet theory. Here let us argue 
about our experimental results on the superspin glass 
from this point of view, namely, the FCM measured at 
T < Tc is not an equilibrium property under h but due 
to the blocking of superspin clusters introduced above. 

As noted before, the FCM of a superparamagnet in- 
creases with decreasing T. That of the present superspin 
glass, on the other hand, is nearly constant at T < Tc 
as seen in the inset of Fig. |S1 The latter is naturally at- 
tributed to the expected fact that the free energy differ- 
ence between the two states of a superspin cluster is given 
not only by the Zeeman energy but also by the residual 
interactions between the cluster and its surroundings (the 
stiffness energy of a cluster in the droplet theory). If the 
field strength is sufficiently small, which is the case of the 
present interest, the latter certainly dominates the Zee- 





-0.01 


b 

Li_ 
N 


-0.02 




-0.03 




-0.04 



V0.7T, 

t,.,=5x10'^Tn 



0.5 



1.5 



T/T, 



FIG. 11: (Color online) Difference of the ZFC susceptibility of 
the the REM. The ZFC process is intermitted at T = 0.7 Tc 
for 5 X 10^ To in the measurement of Xzfc, while Xzfc i^ 
measured without such a stop. The cooling (and reheating) 
rate is the same as that in Fig. 1101 



man energy. Therefore, when the cluster is blocked, its 
magnetization points either in parallel or antiparallel to 
the field direction. Consequently the branch of the FCM 
at r < Tc in Fig. |S| becomes nearly constant when the 
temperature is decreased. 

By further inspection of Fig. ^ and the inset of Fig. |S| 
we notice that the FCM of a superparamagnet changes 
rather smoothly around the blocking temperature, while 
that of the superspin glass exhibits a kink-like shape at 
T ^ Tc- The latter can be attributed to the time devel- 
opment of P{t; T4iuster) which is absent in a superparam- 
agnet. In fact, in the droplet theory, the rates of growth 
of the spin-glass clusters and so of their barrier energy 
are expected to be most sensitive to a small change in 
temperature at T ~ Tc, since they are governed by the 
critical dynamics associated with the spin-glass transi- 
tion at T = Tc under h = 0. Consequently, even a small 
temperature decrease at this temperature range gives rise 
to an apparently sharper blocking of superspin clusters. 
At significantly lower temperatures than Tc, the thermal 
activation process governs dynamics of superspins and 
yields an almost constant FCM as described just above. 

Let us turn to memory effects in the genuine ZFC pro- 
tocol, which are not observed in superparamagnets. As 
we mentioned above, at T < Tc, sizes of clusters are grow- 
ing as time elapses which gives rise to a history depen- 
dence of P{t; Vciustor) in the language of our two-states 
model. Since the change of P{t; ^cluster) proceeds even 
in a vanishing field, memory effects are observed even in 
the genuine ZFC protocol. 

Lastly one comment is in order on possible differences 
in slow dynamics of superspin glasses and atomic spin 
glasses. As mentioned above, qualitative aspects of the 
two are considered to be almost common to each other. 
Quantitatively, however, the unit time of a superspin flip 
depend on T and is much larger than the temperature 



independent atomic-spin flip time. This difference of- 
ten causes apparent qualitative differences in the non- 
equilibrium phenomena in the two spin glasses because 
of the common experimental time window, 10"'^ ~ 10^ s, 
which may differ very much when measured in the unit 
time of each system4^ 



IV. SUMMARY 



1) The FCM of the Fe-N system does not increase 
but even decreases as the temperature is decreased, 
while the FCM of superparamagnets always in- 
creases with decreasing temperature. 

2) In the Fe-N system, the genuine ZFCM also de- 
pends on the waiting time. Such a iw-dependence 
in the ZFCM is hardly expected in superparamag- 
nets. 



We have studied dynamics of superparamagnets by in- 
vestigating a simplified two-states model analytically and 
ferritin experimentally. As a consequence, we have found 
that 

a) The TRM exhibits a i„-dependence, and the loga- 
rithmic time derivative of XTRM(i,iw) has a peak 
around i « iw, as observed in spin glasses. 

b) All the experimental results reported by Sun et 
al.^®- are qualitatively reproducible. 

In superparamagnets, these aging and memory effects 
originate solely from a broad distribution of relaxation 
times which comes from that of the anisotropy energy 
barriers. The mechanism of these results is well under- 
stood by investigating the time dependence of the M- 
spectrum (the integrand in Eq.@). Thus the aging and 
memory effects a-b) are not a sufficient proof for the ex- 
istence of spin-glass dynamics. 

We have also studied aging and memory effects in a 
dense Fe-N nanoparticle system (a superspin glass) ex- 
perimentally. By comparing the results with those for 
superparamagnets, the following differences have been 
found: 



From the viewpoint of 1), we consider that the permalloy 
nanoparticle system studied by Sun et al. is closer to a 
superparamagnet, while the Fe-N system studied in the 
present work and the Co-Fe nanoparticle system studied 
by Sahoo et almSiSL^ are closer to a superspin glass. 
Lastly, we have argued that these two aspects peculiar 
to superspin glasses are qualitatively reproduced by the 
random energy model, and are well interpreted by the 
droplet theory in the field of the spin-glass study. 

In conclusion, similarities as well as crucial differences 
in aging and memory effects in superparamagnets and 
superspin glasses have been clarified. In order to distin- 
guish the two types of slow dynamics we have to choose 
appropriate aging protocols such as a ZFC process with 
intermittent stops of the cooling properly scheduled. 
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